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ABSTRACT 
The modification of the J P L  7.62-m (25-ft) space  s imulator  required the 
aluminizing of a 7. 01-m (23-ft) collimating m i r r o r .  The c lass ical  aluminiz- 
ing technique of vaporizing aluminum f rom tungsten filaments was scaled up 
f rom previous experience in aluminizing the J P L  3. 05-m (10-ft) collimating 
m i r r o r .  Several  techniques were  evaluated and discarded in determining the 
best  aluminizing method. F r o m  this investigation, a new evaporation sys tem 
was developed using th ree  e lect ron-beam guns magnetically focused on a 
single crucible with a second s e t  of coils producing a variable magnetic field 
to distr ibute the evaporated aluminum. The m i r r o r  was exposed to the alurni- 
num vapor through a l a rge  shutter.  F o r  thickness control ,  a c rys ta l  micro-  
balance with temperature  compensation was used with a digital display. 
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JCTION I. INTRODI 
A. Project  Description 
The modification of the J P L  7. 62-m (25-ft)l  
solar simulator incorporated a welded one-piece 
m i r r o r  7. 01 m (23 ft) in diameter ;  the m i r r o r  
face i s  spherically concave to a radius of 30.48 m 
(1200 in. ). The purpose of this m i r r o r  i s  to 
reflect and collimate light received f rom the opti- 
ca l  integrating lens system (Ref. 1) .  The perfor- 
mance of the collimating m i r r o r  i s  to a great  
extent dependent on the quality of the final reflect- 
ing surface: a thin coating of pure aluminum. 
This surface directly affects the spectral  balance 
and uniformity of light transmitted to the tes t  vol- 
ume in the vacuum chamber (Ref. 2). 
The ultraviolet radiation present in space 
affects spacecraft equipment and scientific instru- 
ments. In order  to minimize absorption of the 
ultraviolet portion of the spectrum, the collimating 
m i r r o r  surface is  aluminum, vacuum deposited, 
with a thicknqss of 75 x 10-9 m to 120 x 1 0 - 9 m  
(750 to 1200 A). The large s ize  of the m i r r o r  
necessitated the development of a new technique 
for vacuum deposition of aluminum. J P L ' s  back- 
ground in this field s tar ted in 1965 and includes 
aluminizing a 3. 05-m (10-ft) collimating m i r r o r  
using a tungsten filament a r ray .  The 3. 05-m 
(10-ft) m i r r o r  i s  pa r t  of the solar simulation sys-  
tem in the J P L  3. 05-m ( 10-ft) space simulator. 
B. Design Cri ter ia  
J P L  research  in solar simulation developed 
our philosophy on metal  m i r r o r  reflective coat- 
ings, namely that bare  vapor-deposited aluminum 
with a normal  oxi<e buildup of approximately 
25 x 10-9 m (250 A) optimizes operational "usabil- 
ity" with reflectance. The ability to quickly s t r ip  
and r e  -aluminize in the event of an accident out- 
weighs the conditional protection of an SiO over- 
coat. The performance cr i ter ion for the 7. 01-m 
(23-ft) collimator was a minimum reflectagce 
value of 80 percent a t  280 X m (2800 A) with 
a uniformity tolerance of *2 percent ac ross  the 
diameter.  The adhesion tes t  for the aluminized 
surface was the standard cellulose tape pulling 
test. Certain other constraints, such a s  schedule, 
cost, and logistics of moving the m i r r o r ,  affected 
the actual aluminizing technique development and 
implementation. 
Because of the s ize  of the m i r r o r ,  it had to be 
aluminized in the simulator, tilted 13. 09 x 10-2 
rad  (7. 5 deg) from the horizontal. This required 
that the coating technique be tailored to fit the 
7. 62-m (25-ft) simulator chamber and its operation. 
C. Vaporizing Method Evaluation 
To deposit the aluminum on the m i r r o r  s u r -  
face, pure aluminum i s  heated to the gaseous state 
and the vaporized aluminum particles s t ream out, 
impinge on and solidify on nearby colder surfaces.  
In order  to minimize contamination of the coated 
surface with anything but aluminum, the vapor- 
izing i s  done in a vacuum environment. Even in 
this environment the deposition must  occur as  
rapidly a s  possible to minimize the contaminatioi~. 
The necessity to deposit a relatively uniform 
thickness i s  another constraint. 
1. Tungsten Filament Array. This method con- 
s i s t s  of heating tungsten filaments, coated with 
aluminum and thus  ;aporizing the a l u m i ~ ~ u r n  coat- 
ing. The coating of the filaments i s  done 12y 
slowly raising the temperature  of tungsten coils 
which have clips of aluminum wire attached; as  
the aluminum melts  it flows along the coil. Sub- 
sequently, rapid heating of the coil causes vapor- 
ization of the aluminum (Fig. 1). This method 
had been used a t  J P L  to successfu.lly aluminize a. 
m i r r o r  3. 05 m (10 ft) in diameter.  'The actual 
aluminizing used 16 coils, 6 turns per coil, 
4 strands of 0. 76-mm (0. 030-in. ) wire, with the 
coils arranged in two concentric c i rc les  located 
1. 22 m (4 ft) f rom the m i r r o r  substrate.  Each 
coil was in a can with a shutter plate controlled 
by a rotating solenoid. In order  to attain unifor- 
mity  of deposition, it was necessary to expose 
those coil sources  in the outer ring for 14 s and 
those in the inner ring for 8 s. 
In order  to re-aluminize the existing 3. 05-m 
(10-ft) m i r r o r ,  an improved a r r a y  was designed 
using a modular pattern instead of the concentric 
rings. In the improved a r r a y  the modular pat terc  
had an 86-cm (34-in. ) center-to-center dimension 
and was spaced 1. 37 m (54 in. ) from the m i r r o r  
substrate.  The filaments were doubled ill each 
source. A power controller using bacli-to-back 
ignitrons was used to power a 75-kVA transformer  
with an output of 10, 000 A a t  20 V (Fig. 2). Source 
exposuge t ime of 14 s was used for a 120 X 10-9-ill 
(1200-A) deposit, with resulting uniforl-nity of 
*l. 5 percent and excellent reflectance 
characteristics.  
A pie-shaped segment of a i'. Ol-m (23-ft) 
m i r r o r  was modeled in the 3. 05-rn (10-ft) s k u -  
lator to investigate the a r r a y  geometry and power 
required. The a r r a y  consisted of 12 double- 
filament sources  located on 86-cm (34-in. ) cen- 
t e r s  and staggered on alternate center lines. 'This 
pattern produced the most  uniform deposition pat- 
t e r n  within an inscribed circle.  The a r r a y  seg- 
ment, when enlarged into an a r r a y  suitable for the 
7. 01-m (23-ft) m i r r o r ,  would require  54 doubie- 
filament, individually shuttered sources to cover 
the area .  The power consumption of each fila- 
ment  a t  the starting warmup is 1156 A per filament. 
A total a r r a y  comprising 108 filaments ~vould use  
in excess of 17, 000 A. The power colitroller bas 
a capability for  driving two 75-kVA transformers  
for a total output of 20, 000 A a t  2 0  V. 
As par t  of the source evaluation, a study of 
the probable failure modes for a large filament 
a r r a y  was undertaken. The possibility of one or 
m o r e  filaments burning out during evaporation 
was modeled by covering one o r  more  sources a n d  
assaying the thickness and reflectance of the 
aluminum coating (Fig. 3). Series-connecting 
filaments were investigated and found to be 
'values in customary units a r e  included in parentheses a f te r  values in SI (International Systei~.)  units i f  
the customary units were used in the measurements  or calculations. 
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undesirable for several  reasons. Not only did the 
a l t~minum not evaporate evenly f rom a l l  filaments 
but there  was also an increased probability of 
losing the "string" if one burned out. The indi- 
vidual filament has other non-uniform character-  
ist ics that a r e  not predictable, such a s  prefusing 
aluminum onto the tungsten wire. To overcome 
this problem, the filament holder was made 
detachable from the shuttered source so  that each 
pair of filaments could be prefused or  easily 
replaced on burnout. This replaceability feature 
is  important as  each filament must  have the same 
number of warmup cycles to insure s imilar  evap- 
oration characteristics.  Filaments that have been 
used too many times or overheated will contami- 
nate the cieposition and cause reflectance in the 
i:?i to drop drastically. For  this reason an a r r a y  
with many filaments becomes less  reliable a s  the 
number of sources  increase.  Tests  were made 
with one or m o r e  beam sources  to observe the 
effects on the quality of deposition. The tes t  
showed that a 4-strand 0.76-mm (0.030-in. ) wire 
tungsten :filament with 6 coils can hold 3. 15 g of 
aluminum by capillary (surface wetting) action. 
The m a x i m ~ ~ m  evaporation duration after prefus- 
ing was found to.be 18 s before the end coils 
became dry  and contaminants were boiled off the 
tungsten. These resul ts  conform to the Hoss 
(Ref. 3) experiment with optimizing high UV 
reflectance coating from filament sources.  
The tes t s  using a quarter segment of a 7. 01-m 
(23-ft) a r r a y  showed that i t  was feasible to coat a 
large m i r r o r  with high-quality aluminum using 
filament a r r a y s ,  but that a great many potential 
failure modes existed. The loss of just 1 source 
out of 54 sources,  either from filament failure 
o r  mechanical shutter malfunction in opening or 
closing, .vvould abort the coating process.  The 
ss t imate  for success  with this approach was l ess  
than 50 percent and considering the cost of s t r ip-  
ping, cleaning, and recoating the m i r r o r ,  a l ter-  
nate alumliiizing methods were deemed worthy of 
investigation. 
2,  Single Source. The feasibility of using a 
single evaporation source was investigated a s  an 
alternative to the multifilament source approach. 
The inherent advantages of a single source lay in 
the ability to control the source with one shutter 
and the simulation of a point source. The diam- 
e te r  and height of the 7. 62-m (25-ft) simulator 
vacuum vesse l  easily accommodated the geometry 
lo r  this approach. Several types of sources  were 
considered to be feasible techniques. One was 
evaporation from a tungsten or ceramic res is tance-  
heated "boat"; however, gas bubbles caused insta- 
bility of the interface between the molten pool and 
crucible making the technique unreliable. The 
use  of an exploding wire bridge was considered 
but was deemed unrepeatable for uniformity and 
C? ' 
~nic.kness. The use  of a wire feed into an a r c -  or 
resistance-heated crucible was found to be unreli-  
able for uniform ra te  of evaporation due to con- 
talniilants present in the crucible. 
The selectloll of an electron-beam (single) 
source was based on tradeoffs of cost and develop- 
ment t lme associated with this system versus  the 
linown costs and problems and disadvantages of 
the tungslen fllament array.  Two of the advan- 
tages of the electron-beam source were the ability 
Lo put large amounts of power into a smal l  spot, 
an? the ablllty to vaporize aluminum from the top 
of a molten pool without shadowing the source. 
The avoidance of contamination by heating the 
aluminum directly was considered a major  feature 
in maximizing the quality of deposition. The 
electron-beam system offered the potential of a 
single stable vapor source that could be monitored 
and controlled in preconditioning before exposing 
the m i r r o r  and during coating. 
D. Development of Electron-Beam Heated Source 
1. Feasibili ty and Power Requirements. The 
f i r s t  t e s t  to determine vapor ra tes  and reflectance 
was a c c o m ~ l i s h e d  in a commercial  coating cham- 
- 
ber  by Airco-Temescal Metallurgical Corp. The 
power required for vapor deposition ra te  was 
scaled f rom a source to substrate distance of 
1. 98 m (6.5 ft)  and a chamber p ressure  of 
6. 67 mN/m2 (5 X 10-5 to r r ) .  Two opposed 
15-kW, 471.24 X lom2-rad (270-deg) type guns 
(Fig. 4)  were fed f rom a large power supply. 
The source was a 7. 62- X 20.32-cm (3- X 8-in.) 
tub-shaped crucible. In the top of the vacuum 
chamber was mounted a "lazy Susan" type sample 
holder with 12 glass slides. The samples were 
exposed by a solenoid-operated shutter until they 
became opaque to the eye. Exposure t ime ranged 
from 1 to 60 s a t  various power settings. The 
f i r s t  estimate requirzd 75 kW for a deposition ra te  
of 5 x 10-9 m / s  (50 A / s )  a t  a source-to-substrate 
distance of 7. 32 m (24 ft). A maximum of 50 kW 
was set  a s  the upper l imit for the electron-beam 
heated source because of the cost and state of the 
a r t  for portable power supplies. The subsequent 
tes t  indicated that the thermal estimates were con- 
servative and that several  factors  could modify the 
power required for  high vapor deposition ra tes ,  
the thermal losses  through the crucible wall being 
the principal variable in power consum tion. Coat- 
ings were made 6.93mN/m2 (5.2 X 1 0 - o t o r r )  at  
vapor ra tes  up to 180 X m / s  (1800 A/s). F o r  
the purpose of calculating d e p o s i t i ~ ~ n  ra tes ,  a sam-  
ple run of 106.5 X 10-9 m / s  (1065 A / S )  at  1. 98 m 
(6. 5 ft) was used. Airco-Temescal extrapolated 
f rom this tes t  data, using the inverse  square law, 
that a power requirement of 43 kW would be neces- 
s a r y  to evaporate enough aluminum to coat the 
m i r r o r  (Fig. 5). The power required i s  a function 
of the m a s s  to be heated, the warmup time and the 
evaporation ra te  desired,  and the heat t ransfer  
efficiencies. The power and time relations fo r  a 
given configuration a r e  determined empirically. 
The use of a new crucible mater ia l  "alcet" 
had helped to prevent thermal drain to the water- 
cooled hearth,  and resulted in a considerable 
power reduction over the original estimate. It 
became even more  obvious that a bet ter  thermal 
design of the source would yield increased 
efficiency. 
The initial tes t  developed several  questions 
about electron-beam heated sources.  While 
observing evaporation f rom an "alcet" crucible,  
i t  was noticed that the evaporation ra tes  were so  
high that s cloud developed over  the source. The 
aluminum was evaporating so  fas t  that i t  was 
unable to escape along a line-of-sight path. This 
"cloud" effect appeared to modify the distribution 
of the vaporized aluminum. The distribution of 
vapor was f rom a vertical source along the melt. 
2. For t  Belvoir E B  Coating Test.  To further 
analyze the electron-beam (EB) approach, a t e s t  
was set  up in a 2. 03-m (80-in. )-diameter 
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ultra-clean vacuum system at For t  Belvoir, 
Virginia, where the geometry of the m i r r o r  could 
be scaled to determine symmetry o r  directionality 
of the source and uniformity of reflectance. Glass 
samples were placed on a 3. 66-m (12-ft)-radius 
spherical f rame that was 1. 98 m (6. 5 ft) in diam- 
eter  and 1. 98 m (6. 5 ft) f rom the source. The 
electron-beam gun was a 10-kW system with 
314.16 X 10-2-rad (180-deg) beam deflection. The 
source was an "alcet" crucible 5. 08 cm (2 in.) in 
diameter by 3.81 c m  (1-112 in.)  deep and a 
0.48-cm (31 16-in. ) wall. The crucible was insu- 
lated with boron nitride f rom the water -cooled 
hearth. Two pin-hole cameras  were installed to 
photograph the source. One camera  was placed 
43. 63 X 10-2 r a d  (25 deg) above the ground plane 
of the source and the other looked directly down 
upon the source. 
Tes t s  were made a t  very low ra tes  to see  how 
slowly aluminum could be deposited and s t i l l  
achieve acceptable reflectance levels. This par t  
of the tes t  showed that coatipg could be made at  
l e ss  than 1 X 10-9 m / s  (10 A / s )  and sti l l  have 
good reflectance and adhesion. The runs made a t  
high ra tes  in the mid 10-3 N/m2 t o r r )  range 
produced excellent coatings. It was observed dur -  
ing the testing that the source took on some unusual 
character is t ics  when the power was raised. The 
directionality of vapor generated at  7 to 8 kW with 
the chamber p ressure  a t  0.20 mN/m2 
(1.5 X 10- 6 t o r r )  was not normal  to the mel t  sur  - 
face, but ra ther  complementary to  the incident 
angle of the impinging electron beam. Glass 
plates were used to observe the image, and these 
showed the distribution to be the same shape a s  
the vapor cloud over the crucible (Fig. 6). 
3. 3. 05-m (10-ft) Simulator Test. A se r ies  of 
additional tes ts  were made in the 3. 05-m (10-ft) 
simulator to evaluate the electron-beam gun in 
full-scale conditions. The object of these t es t s  
were  a s  follows: 
(1) Control the unsymmetrical distribution of 
one gun by using a se t  of secondary elec- 
tromagnetic coils to move the beam over 
the melt ,  and to defocus the ionized 
aluminum (Fig. 7). 
(2) To determine source power consumption 
versus  crucible and refractory insulation 
from cooled hearth. 
(3) Determine deposition ra te  with a source 
to  substrate distance of 6. 10 m (20 ft). 
(4) To attain minimum deposition with 
acceptable reflectance levels and adhesion. 
(5) To determine methods to maximize con- 
t r o l  and stability of the source. 
(6) To  obtain uniformity of deposition. 
Tes t s  were made both with and without sec -  
ondary coils to study the effect on vapor dis t r i -  
bution and effect on the gun operation. The coils 
were  alternately energized to move the beam 
within a crucible 7. 62 c m  (3 in. ) in diameter.  A 
number of coil positions were t r ied in relation to 
the guns' magnetic fields (Fig. 8). A 7. 62-cm 
(3-in. )-diameter X 3.81-cm (1- 112 in. )-deep 
"alcet" crucible was used with 6. 35-mm (li4-in. ) 
granules of "alcet" and boron nitride power as  
insulation f rom the water -cooled hearth. The 
crucible was charged with a mechanical w-rre 
feeding device using 1. 65-mm (0. 065-in, ) aluml- 
num wire of 99. 999 percent purity. 
The tes t  samples varied greatly in thicliness 
due to this steering of the source (Fig. 9).  Again 
a cloud effect was observed a s  in the ear l ier  tes ts  
a t  For t  Belvoir. The source was stable up to 
4- 112 kW with a normal  lower distribution pattern. 
Source exposure t ime of 1- .l/2 mi-n was required 
to get 100 X 10-9-m (1000-A) coating. It was 
observed that in spite of the long coating time 
there  was no noticeable degradation in reflectance 
values. Our previous experience with the fila- 
ment a r r a y  had limited deposition time to 15 s 
for comparable reflectance. Reflectance values 
of 94. 5 *1 percent were obtained ac ross  the 
3. 05-m (10-ft) diameter of the chamber. The con- 
clusion drawn from this tes t  data was that a coa- 
figuration of three  guns, 209.44 x: l ~ - ~  rad 
(120 deg) apart ,  would greatly enhance the dis t r i -  
bution symmetry. 
4. Tes t  of Three-Gun Array. Experience with 
the 10-kW eun and the 7. 62-cm (3-in. 1 crucible 
" 
helped s ize  the capacity and surface a r e a  required 
to handle three  beams. The smaller diameter 
crucible could dissipate approximately 10 IrW if 
the beam were moved rapidly around the surface. 
This gave an indication of the size of the heart11 
and crucible required to accommodate 3 0 -  to 
36-kW input. Airco-Temescal Division of Air 
Reduction Co., Inc., modified one of its com- 
merc ia l  electron-beam gun systems to accept ail 
"alcet" crucible of 15. 24-cm (6-in. ) diameter 
X 6. 35-cm (2- 112-in. ) depth. Th~e crucible was 
thermally insulated f rom the water-coolecl hearth 
by 0.48-cm (31 16-in. ) granules of alcel: and boron 
nitride power, which was found to be the best p re -  
vention against aluminum bridging to the hearth. 
The guns were the 471. 24 X 1 0 - ~ - r a d  (270-deg) type 
with shaped-pole pieces to allow an unobstructed 
104. 72 X 1 0 - ~ - r a d  (60-deg) cone radiating out 
f rom the lip of the crucible. A secondary group 
of electromagnetic pole pieces were rrlountecl 
above the guns to interdigitate the beam. 
A shakedown tes t  was performed in  a 2. 13- 
X 2.13-m (7- X 7-ft) vacuum chamber to check in- 
tegration of the new gun design and the secondary 
steering coils. The secondary coils overpowered 
the electromagnetic pole pieces and the perma-  
nent magnets that controlled the beam. With the 
secondary coils de-energized and the beams stat-- 
ically positioned, the system would operate stably 
up to 15-kW total  input. Above this level the 
molten aluminum would be splashed out of the cru-  
cible by wave action. This instability at  a re la -  
tively low power level substantiated the thermal  
efficiency of the crucible and insulation. From the 
t e s t  observations it was decided to re turn to the 
u s e  of Helmholtz coils for moving the beains over 
the melt. 
5. Testlng Three-Gun System a1 _$_ -; 
exwerimcntal work of a s s e m b l ~ n ~ .  L I - 7 . - 
coils with the guns was In a 
1.22- X 1.52-m (4- X 5-ft) vacuum chamber 
(Fig. 10). This afforded close observatron of 
the guns, and quick turn-around time for mechan- 
ical  changes. With each changing of coil 
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pos:tlon, the magnetic fields were mapped with of the beams over the mel t  and a t  209.44 x lom2- 
a magnetometer. The steering coil behind each rad  (120-deg) intervals. The system was tuned 
gun and the beam focus coils were  interfaced to operate in a stable manner up to 32 kW a t  
with an inverter circuit  to control the excursion 6. 67 m ~ / m '  (5 X to r r ) .  
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11. ELECTRON-BEAM GUN HEATING MECHANISM 
A. Elect ron-Beam Heating Mechanism 
The electron-beam heated vapor source  i s  
the principal  working pa r t  of this  sys tem.  The 
energy contained in high-voltage electronics i s  
utilized to m e l t  and vaporize aluminum. The 
e lec t ron beam i s  a s t r e a m  of charged par t ic les  
flowing f rom a cathode emi t t e r ,  which i s  a heated 
tungsten fi lament,  operating a t  high temperature ,  
and acce le ra t ed  by a high-voltage dc power source .  
The fi lament i s  maintained a t  negative potential 
and the thermionic  emiss ion i s  accelera ted  
through the p rec i se ly  located or i f ice  in the anode 
plate. The electromagnetic force  field bends the 
beam 471. 24 X r a d  (270 deg) to in t e r sec t  the 
crucible.  The kinetic energy of th is  flow of 
charged par t ic les  becomes random energy in the 
fo rm of heat  when the e lec t rons  s t r ike  a surface .  
The energy in  the par t ic le  depends upon i t s  m a s s  
and i t s  velocity (E = MV'). This  beam of energy 
i s  dissipated within a v e r y  shor t  distance into the 
surface of the aluminum charge .  The t empera -  
tu re  crea ted  i s  well  in excess  of the melt ing point 
of tungsten [3588. 7 K ( 6 0 0 0 " ~ ) ] .  
The environment in which evaporation and 
stable e lec t ron-beam gun operation takes place i s  
in the p r e s s u r e  range below 6. 67 m ~ / m '  
(5 X 10-5 t o r r ) .  The c r i t e r ion  for  good coating i s  
a clean vacuum sys tem where  the noncondensable 
res idual  gases  a r e  of 1 w molecular weight. A 
vacuum of 0. 13 m N / m f  ( l o 6  t o r r )  provides an  
adequate marg in  for pumping volatile constituents 
f rom the mel t .  Undesirable arc ing and pulsing 
can be  caused by radio frequency generation. 
There  a r e  two conditions under which these  radio  
frequencies m a y  be generated.  The f i r s t  i s  a 
s h a r p  c u r r e n t  r i s e  when voltage breakdown oc- 
c u r s .  During normal  operation the electron- beam 
gun has  an  impedance of about 10, 000R.  As a r c -  
ing breakdown occur  s ,  this  r e s i s t ance  drops  to 
about 10 R in a fraction of a second. The c u r r e n t  
r i s e  corresponds  to a wave front of a radio f r e -  
quency signal of approximately 10, 000 cycles  p e r  
second. 
The other p r i m a r y  cause  of radio  frequency 
generation i s  a high molecular population forming 
in the vicinity of the gun emit ter .  The vaporized 
aluminum and the gases  evolved in the melt ing 
p rocess  fo rm an environment for  interaction with 
the e lec t rons  flowing through it. The rad 'o  f r e -  
quencies generated a r e  in the range of 10' to 10 11 
cycles  pe r  second. Radio frequency cu r ren t s  that  
a r e  generated will  t r ave l  toward the power supply 
on the su r faces  of the  high-voltage leads in the 
sys t em which ac t  a s  antennae. Many e lements  in 
the  high-voltage sys t ems  that  have low impedance 
to 60 cycles and dc have high impedance to the 
passage of R F  pulses.  These  waves can pile up 
within the  sys t em and generate v e r y  high voltages 
that  a r e  above the high-voltage protection sys tem.  
Tr iodes  a r e  used in the power supply a s  high- 
speed switches to protec t  and isolate R F  feedback. 
Space cha rge  i s  another factor in  modifying 
the  operation of the gun. The adjustment of the 
emiss ion  c u r r e n t  control  to  a h igh-current  range 
during operation will  not  necessa r i ly  m e a n  a 
higher - cu r ren t  output. The control  of the gun 
fi lament i s  n o r m a l  up  to  the point i t  becomes 
space -charge-l imited.  The space  cha rge  i s  the 
cumulative charge  of e lec t rons  around the gun 
filament. Space- charge-  limiting occurs  when the 
flow of e lec t rons  away f r o m  the region near  the 
filament surface  i s  l e s s  than the number coming 
out of the hot filament. Merely increas ing the 
t empera tu re  of the f i lament will  tl-ius not inc rease  
emiss ion because excess  e lec t rons  r e tu rn  to the 
f i lament a s  fas t  a s  they a r e  emitted.  If the liigii 
space charge  causes  the e lec t rons  to fall back intc? 
the f i lament,  they a r e  unaffected by the high- 
voltage potential. Since the space charge  va r i e s  
a s  the squa re  of the  distance,  moving the gun 
n e a r e r  to the me l t  wil l  dec rease  the space  charge .  
Physically,  the spacing between the gun and me l t  
i s  l a rge  enough to allow a l a rge  space cl-iarge to 
develop, but a s  the me ta l  i s  vaporized i t  fills th is  
a rea .  The high t empera tu re  of the metal  vapor 
conducts in much the same  way a s  me ta l ,  t h i s ,  i i l  
effect, bringing the m e l t  c lose r  to the fiiamei1t. 
The space-charge  effect i s  then reduced and high- 
e r  emiss ion cu r ren t  takes  place. The inc reased  
cu r ren t  in  tu rn  causes  increased vaporization,  
which inc reases  the c u r r e n t  again. This i s  a run- 
away condition and will  ul t imately end with shor t  
circuit ing of the sys t em as the effective clistarice 
approaches zero.  
The routing of the high-voltage leads inside 
the vacuum chamber  i s  a lso  a problem becanse of 
R F  buildup a t  in tersect ions  with insula tors  o r  
other nearby s t ruc tu res .  Local breakdowii was 
occasioned by local  high p r e s s u r e  resul t ing  f ro i r  
burning o r  outgassing ma te r i a l s  Copper tubing 
of 6. 35-mm (114-in. ) diameter  was  used for tlie 
coaxial  feedthroughs to  the gun filameiit. 
B. Vapor Source Control  and Dyiiamics 
In analyzing the phenomenon that  gives d i rec-  
tionality to the aluminum vapor ,  i t  i s  postulated 
that  the following mechanisms a r e  a t  work.  There  
i s  a local  h igh-p ressu re  region where  a i u r n l ~ i u ~ n  i s
in t rans i t ion  f rom a viscous s ta te  to molecular 
flow. This s t a t e  gives some directionali ty to the 
vapor ,  but  the m o s t  significant effect i s  the snlai! 
amount of aluminum vapor that  mome~l t a r i iy  be- 
comes  ionized and, thus,  can be influenced by the 
magnetic force  field a s  i t  leaves the viscous a rea  
above the melt .  The evaporat io :~  takes place Fronl 
the e lec t ron beam accelera ted  through 1 2  kV ancl 
impinging on the mel t .  The source  geoimetry i s  
always such that  e lec t rons  a r e  incident along a 
l inear  path f rom a cathode a t  minus potelitiai, anc! 
deflected by passage through a t r a n s v e r s e  magnetic 
field. The "cloud" of evaporated gas in viscous 
flow above the me l t  offers a relat ively dense tar..- 
get to the incoming e lec t rons  and i s  therefore  sub-. 
ject  to ionization. 
I n  the c a s e  of the  l inear gun geometry, g e i ~ e r a l  
experience in indust ry  h a s  shown that  evaporati~;g 
with e lec t ron-beam guns h a s  a st l-oi~g ornissron 
back toward the gun. When the me l t  i s  luiniqous 
ma te r i a l ,  the  directional  cornpoilent ~7 - ';.e r i ch  
in  the high boiling fraction due to  superhcaL - 1  
the  m e l t  a t  the beam focal  point. This  su7erl;eai 
ing would be fur ther  augmented when the melt 
formed a cavity. The e lec t ron bean? is magnet-  
ica l ly  deflected into the m e l t  and the emiss ion  1s 
oppositely deflected through a sma l l e r  angle and 
manifes ts  th is  deflection in  two ways. The l ~ l ~ i -  
nous cloud above the me l t  i s  distorted upward a110 
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apposite to  the el-ectron t ra jectory;  samples  
placed to receive the evaporant within the solid 
angle seen by the: source  a r e  m o r e  heavily coated 
in the direction indicated by the ionized plume. 
The sample s t r ips  showed th ree  t imes  a s  much 
mate r i a l  was projected along the plume direction 
a s  i s  directed toward a symmetr ical  point. The 
s teer ing mechanism seems  to  be the smal l  amount 
of ionized mate r i a l  generated a t  the source .  The 
amount of ionized aluminum can only be about 1 to 
1. 5 percent according to known mechanisms. The 
ionized mate r i a l  d i rects  o r  pumps the g rea te r  
portion of the neutra l  a toms along with ions by 
momentum t ransfer .  The pumping may  be through 
a "windo-w" where the ions leave the region of v i s -  
ccus flow and thus drag the neutra l  a toms along 
through. the same  p r e s s u r e  gradient and direction. 
Recognizing the directional influence of ionized 
rnater ia i  was a ma jo r  change in  the development 
of a siagle source.  
There  a r e  other fac tors  influencing the dis- 
tribution o i  aluminum vapor generated by an 
e lect ron-beam gun. The meniscus of the molten 
aluminum is changed by the amount of power in the 
electron beam and i t s  shape and location. The 
tendency of a highly concentrated beam i s  to bore  
through or suppress  the surface  s o  a s  to allow the 
molten aluminum to close in a t  the surface ,  thus 
causing entrapped gases  to erupt ,  spewing molten 
meta l  about. The high-evaporation r a t e  of the 
aluminum causes  gas p r e s s u r e  to fo rm above the 
mel t .  This high-viscous region can be visibly 
observed a s  a s i lvery  luminous cloud over the 
crucible .  The crucible wal ls  under ce r t a in  con- 
ditions fo rm a throat  f rom which a shock wave i s  
propagated. 
The electron beam i s  accelera ted through 
10 kV with a beam incident along a l inear path 
f rom the cathode a t  a minus  potential to  the source  
which i s  essent ia l ly  surrounded by a neu t ra l  field. 
Some elect rons  a r e  deflected by the t r ansverse  
magnetic field of the focusing pole pieces,  but the 
viscous aluminum cloud over the mel t  i s  a good 
dense t a rge t  for the incoming electrons.  Ions 
thus c rea ted  see  in  one c a s e  a 10-kV l inear  accel-  
era t ion toward the gun cathode, and in the other 
c a s e  a magnetic force field bending it along a path 
opposite to  that  of the impinging e lect rons .  In the 
magnetically deflected e lect ron beam the evapo- 
rant  emiss ion i s  oppositely deflected through a 
smal l e r  angle and manifes ts  this deflection in two 
ways.  The lurninous cloud that  appears  over the 
source  i s  probably viscous flow and i s  distorted 
upward and opposite to  the e lect ron t ra jectory;  
samples  placed about a signal source  in a solid 
angle receive the evaporant deposit in a pattern 
bearing out directionality f rom the ionized mate  - 
r ia l .  The directionali ty ra t io  of 2 t o  1 i s  not the  
ionized mate r i a l  alone but a related pumping ac  - 
tion of ions through momentum t rans fe r  t o  a 
g rea te r  number of neutra l  a toms.  A "window" 
m a y  be formed by th is  action a s  a toms leave the 
viscous flow region, thus dragging neu t ra l  a toms 
through the same  p r e s s u r e  gradient and direction.  
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111. MIRROR ALUMINIZING EQUIPMENT 
The final preparation for aluminizing the 
7.01-m (23-ft) m i r r o r  was made in the 7.62-m 
(25-ft) simulator chamber.  The m i r r o r  had been 
installed in the chamber,  and the temperature 
control system was connected. Equipment for 
aluminizing was mounted on a large work plat- 
fo rm that was ra ised and lowered by cables. The 
guns, shutter,  inner corrugated shroud, and 
glow-discharge rings were pre-assembled on the 
platform and then ra ised to within 7. 92 m (26 ft) 
of the m i r r o r  (Fig.  11). The chamber walls and 
shroud were  protected f rom aluminizing by Mylar 
sheets 0. 076 m m  (3 mils)  thick. Hard points a t  
the top of the chamber were used to support the 
platform during the aluminizing a t  the 16. 76-m 
(55-ft) level in the chamber wall. A group of six 
por ts ,  30.48 c m  (12 in.) in diameter,  were used for 
feedthroughs and viewing ports for control of the 
apparatus (Fig. 12). A temporary platform was 
constructed to  locate the three  10-kW gun power 
supplies and associated equipment within the 
vicinity of the view ports. The control of the 
vacuum chamber was accomplished by intercom 
contact with the main facility control center 
(Fig.  13). Components of the aluminizing equip- 
ment a r e  described in the following paragraphs. 
A. Electron-Beam Power S u ~ ~ l i e s  
Three Temescal constant voltage CV- 10 
power supplies with adjustable range f rom 4 to 
12. 5 kW and a maximum dc voltage output of 
10 kV were used to power the three-gun system 
(Fig. 14). Power requirement for each unit i s  
15 kVA, 208 V, 3-phase, using 18. 17 X rn3/ 
min (4. 8 gpm) of cooling water. 
B. Electrol_-Beam Guns 
The guns a r e  a self-accelerated type with the 
beam bending through the electromagnetic focus - 
ing coils 471.24 X rad  (270 deg) to  the melt .  
A t ransverse  magnetic field i s  used to bend the 
beam upward and over into the crucible.  The 
filament i s  located such that i t  i s  shielded from 
molten particles thrown from the molten pool 
(Fig.  15). 
C. Dithering Coils 
The dithering coils were  designed to  be 
positioned tangent to a 104.72 X 10-2 rad  (60-deg) 
cone f rom the major  source. A coil  was located 
above each gun and was energized with 15 Vdc at 
9. 5 A from a Trygon power supply. A propor- 
tional inverter was used between the gun focusing 
coil  and the steering coil. The power for the 
steering coils was fed through a phaser that 
separated the coil  oscillation by 209.44 X 10-2 
rad  (120 deg), respectively. The inverter con- 
trolled the excursion of the beam for the final 
adjustment to keep the beam within the crucible. 
The design of the dithering coils was based 
on the geometry of the uns and their fields. A 
field strength of 2 pWb,%m2 (200 gauss) was 
found to be adequate for controlling the beam. 
The coils were  wound with No. 14 stranded cop- 
per wire  with a Teflon coating. There  were 
approximately 1.48 m (4. 85 ft) per  turn and 150 
turns  per coil  (Fig.  16). A means of cooling the 
coil  was necessary to absorb the heat generated 
in the windings and radiant heat from the ~nol te i i  
source. 
D. Control Svstem (Fig.  17) 
The basic components a r e  the gun coiitr oller 
units in each of the three  electron-beaim power 
supplies. Three motor -driven potentiometers, 
mechanically interconnected, control the output 
voltage of th ree  dc power supplies to the dithering 
coils. The resulting voltage in the dithering c i r -  
cuit  i s  monitored by the inverter unit which then 
var ies  the voltage in the gun focus coil  c i rcui t ;  
this voltage i s  controlled such that it i s  iilversely 
proportional to the output of the power supplies, 
E. Shutter 
The shutter was formed by two 0.91 - X I. 22-nq 
(3- X 4-ft) platecoils that were  shaped to forin an 
aperture.  A hand-operated shaft turned from 
outside the chamber was used to open and close 
the shutter through a rack and pinion ~~echais:sri?. 
The water-cooled platecoils were  used Lo condense 
the boil-off f rom the source dur irig the warmup. 
The shutter was actuated in 1. 5 s to  the (men or 
closed position (Fig. 18). 
F. The Cleaning Effect of High-Voltage Glow 
Discharge 
High-voltage glow discharge was used t o  clean 
the m i r r o r  surface before aluminizing. The use 
of high-voltage low-pressure glow discharge ? s  
not well  under stood but has  been proven valua5le 
in achieving better adhesion. To sustain an ion- 
ized gas boundary a t  the m i r r o r  (collecLcr) 
required 15,000 V and a discharge current  of 
1/2 A a t  a p ressure  of 10 km Hg. The geometrv 
of the discharge rings placed them 3. 9 6  119 ( 13 f-c) 
below the m i r r o r  with a 5. 79-m j 19-ft) i l i s~de  
diameter.  Two rings were fabricated of 0. 95-c1-1 
(3/8-in. ) aluminum tube that was butt-welde? t-o 
fo rm a continuous loop (Fig.  19). 
G. Quartz Crysta l  Thickness Monitor 
To control the deposition, a method for imea- 
suring the thickness of the aluminum film buildup 
was required. T$e accuracy required was 
2k5 X 10-9m (*50 A)over a thigkness range of 
0 to 120 X 10-911-1 (0 to 1200 A). The thiclmess 
measurements  were to be displayed so i;!;!al: 
appropriate changes in the aluminum depositio~i 
ra te  could be made if required, and such that the 
deposition could be stopped when the desi.red 
thickness was attained. Reliability of operation, 
repeatability of resul ts ,  and ease  of calibratioli 
were  considerations that were  weighed in the 
selection of the thickness monitor.  
The instrument that was selected was a quar t ,  
c rys ta l  thin film deposition monitor To meet the 
specialized requirements of the m i r r o r  a luni in~ - 
zation task, a special  sensing heacl and data sys-  
t e m  were  designed and built a t  JPL. 
H. Wire Feeder 
To replenish the source during operariol:, a 
wire  feeder f rom a welding machine was use6 to  
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feed 1. 62-mm ( 0 .  064-in.) aluminum wire  to  the 
crucibre. Wire was fed to the source during the 
war~mup period until the molten pool reached 
6~ 3 5 j 1/4 in. ) from the crucible lip. I t  took 
20 min .io charge and thermally condition the 
source for aluminizing (Fig. 20).  
The detector in the sensing head i s  a 10-MHz 
qu-artz crysta l .  The resonant frequency of a 
crysta l  decreases  a s  the m a s s  increases .  A 
c rys ta i  cut of 61.38 X rad  (35 deg 10 min) 
was selected which provided a minimum of 
sensitivity to room temperature  changes. A 
iiovel technique was employed to reduce e r r o r  in 
frequency shifts due to  temperature  changes: one 
c rys ta l  was exposed to  the aluminum and infrared 
energy being evaporated f rom the electron-beam 
heated crucible while another identical crysta l  
was shielded from the aluminum but exposed to  
the radiant energy by m i r r o r s .  The difference 
in frequency, which was a function only of the m a s s  
change on one crysta l ,  was processed and 
displayed. A m a s s  change of only 4. 2 X l o m 9  g 
shifts the crysta l  frequency by 1 Hz. Oscillator 
circuits for the crysta ls  a r e  located in the sen- 
sing head. Two small  coaxial cables 9. 14 m 
(30 ft) long provide power to the head and signals 
to the data processing electronics. The head and 
electronics may be seen in Fig. 21. 
The electronics consist of a power supply, 
integrated circuit logic, digital data display, and 
an end point relay which can activate an a l a r m  o r  
control mechanism. The digital data display was 
set  to read f r o m  0 to 99. 9 kHz. A. deposited 
aluminum of 18. 5 X - m  (185-A) thickness 
resulted in a 1-kHg frequency shift. About 
1 .8  X 10-9 m (18 .A) was the resolution limit se t  
by the readout, although the e r r o r  inherent in the 
crysta l  behavior l imits accuracies to about 1 per-  
cent within a 100-kHz range. The crysta l  be- 
comes overdamped when the crysta l  shifts more 
than about 1 percent of i t s  natural frequency, o r  
100 kHz for a 10-MHz crystal .  
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IV. CALIBRATION TEST FOR ALUMINIZING 
The final preparation for aluminizing the 
7. 01-m (23-ft) m i r r o r  was made in the 7. 62-m 
(25-ft) simulator chamber.  The vapor source  
was located on the m i r r o r  axis (Fig. 22), which 
was tilted f rom the vertical .  A s e r i e s  of t e s t  
coatings were  made on glass  and nickel samples  
for assaying and developing coating uniformity. 
The glass and nickel t e s t  pieces were  attached to  
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the m i r r o r  per imeter  and to a bridge spanning the 
diameter  of the m i r r o r  (Fig. 23). The coating 
samples  were  checked for reflectance with a 
Beckman DK-2 spectroref lec tometer .  The glass 
samples  were  then overcoated with fresh a lu~n i -  
num and the s teps  measured  with a multiple-beam 
interference microscope. Calibration t e s t  8P- w a s  
typical of the data obtained (Fig. 24).  
V. MIRROR CLEANING 
The preparation of the m i r r o r  for coating was 
accomplished while i t  was face down and t i l ted a t  
13. 09 X l o u 2  r ad  (7. 5 deg). This position of the 
m i r r o r  presented a problem in cleaning. The 
lirmited ventilatjon in the chamber made the use  of 
many solvents a safety hazard.  As a precaution 
against damage t'o the polished surface  of the m i r -  
r o r  during shipment f rom Berkeley to JPL,  a pro-  
tective coating had been applied. A 1. 52-rnm 
(60-mil)-thick strippable coating of 3M-EC2535 
was used for this purpose (Ref. 4). 
The  m i r r o r  remained in this "cocoon" for 
sevcra l  rnonths during shipment and through final 
installation in the 7. 62-m (25-ft) simulator.  
ALuminizicg t e s t s  were  made with the str ippable 
coating left on the m i r r o r .  Outgassing f rom the 
coating was quickly buried with aluminum. P r i o r  
to  c lzani l~g the sxibstrate, this coating was removed 
(Fig.  25) .  The polished nickel surface  had what 
appeared to be water m a r k s  over the ent i re  s u r -  
face of the m i r r o r .  How mois tu re  had penetrated 
A> ~ n e  protective coating and reacted with the nickel 
i s  not c iear ,  The surface  appearance had taken 
or: a duii haze appearance.  
Sarnplrs generated f rom the Same p rocess  a s  
tho I - l i r ror  plating were used in developing a 
cleaning technique. Different abras ives  were  
used in  removing the oxidized nickel f rom the 
samples.  The experience f rom cleaning these  
samples  pointed up a t ime problem between clean- 
ing and final aluminizing of the big m i r r o r .  The 
ability to "bag" the m i r r o r  in an ine r t  gas  was 
considered a s  a possible solution. The cleaning 
technique used to p repare  the nickel surface  began 
with two washings with distilled water and alconex, 
then a thorough rinsing with distilled water.  The 
m i r r o r  temperature  was maintained a t  a few 
degrees  below ambient during the cleaning opera-  
tion to r e t a r d  formation of water m a r k s  f rom 
evaporation. The final s tep  in removing the nickel 
oxide was a scrubbing with felt-covered rubber 
blocks and a s l u r r y  of 50 percent calcium carbon- 
a te  and 50 percent Linde "A" 0.3-pm powder with 
dist i l led water (Fig. 26). The solution was allowed 
to  d r y  and was removed b y  vacuuming and rubbing 
with surgical  cotton unti l  clean. The m i r r o r  was 
cleaned a second t ime with the same  s l u r r y  but 
with the addition of a wetting agent ethyline glycol. 
The surface  was rubbed unti l  the felt cover turned 
g ray  with nickel oxide. The s l u r r y  was allowed 
to d r y  and was removed by rubbing with surgical  
cotton. The m i r r o r  t empera tu re  was ra ised,  a f t e r  
cleaning, to  327. 59 K (130°F) ;  this temperature  
was sustained unti l  the m i r r o r  was aluminized. 
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VI. ALUMINIZING THE 7. 01-m (23-ft) COLLIMATOR 
The aluminizing equipment was reinstalled in 
the chamber and was ready for  pumpdown within 
14 h after the m i r r o r  was cleaned. The chamber  
was then pumped t o  2.80 m ~ / m Z  (2. 1 X t o r r ) ,  
and backfilled with d r y  a i r  to 5 ym for  glow- 
discharge cleaning. The glow discharge lasted 
for  30 min a t  an  average p r e s s u r e  of 9-1/2 ym. 
The high vacuum valves were  reopened and the 
electron-beam guns warmed up fo r  20 min. 
The m i r r o r  temperature  was maintained a t  
327. 59 K (130°F)  and chamber p r e s s u r e  was 
3. 20 m ~ / m '  (2.4 X 10-5 t o r r )  when the shutter 
was opened. The exposure of the source  lasted 
for 56-112 s.  The power supplies were  drawing 
32 kW and the  beam was dithering a t  95 r p m  over 
the melt. The chamber z r e s s u r e  had dropped to  
1. 29 m ~ / m 2  (9. 7 X 10- t o r r )  when the shutter 
was closed again;  this drop in p r e s s u r e  was clue 
to getter pumping of the aluminum vapor,  Back- 
filling the chamber took 1-112 h durrng whrch time 
the  thickness monitor showed an inc rease  of 
4. 5 X 10-9 m (45 A) due to oxidatron of the 
aluminum. 
The m i r r o r  was assayed directly with a J P L -  
built reflectometer which used the same reflec- 
tance standards that were  used i n  calibration of 
the Beckman DK-2. Reflectance mapping of the 
m i r r o r  and glass  samples  f rom the per iphery i s  
shown in  Fig. 27. The total  reflectance i s  con- 
s idered to be 82 kZ percent a c r o s s  a diarceter o_F 
6. 71 m (22 ft) (Ref. 5) af ter  coating, w'i ici~ ex- 
ceeded the 80 k50 percent p e r f o r m a ~ c e  require-  
ment. 
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Fig. 1. Tungsten fi lament a r r a y  
F i g .  2. Filament power t r ans fo rmer  
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Fig.  3. Improved fi lament a r r a y  
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Fig. 4. Two e lec t ron-beam gun source  
POWER INPUT - kW (TWO GUNS AT 12 kW) 
Fig. 5. Elec t ron-beam power evaluation 
of l a rge  aluminum source  
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Fig. 6. Aluminum vapor source image 
COILSJ 
' 134.0 RUN I (WITHOUT COILS) 
 FILAMENT^ % ~ ~ C ~ - D I A M  SOURCE 
Fig. 7. Aluminum vapor distribution 
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Fig.  8. Elec t ron-beam gun t e s t  with secondary coils  
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105 RUN II 
Fig. 9. Distribution influence of secondary coils  
Fig. 10. Checkout of three-gun source  
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7.01 rn OFF-AXIS PRIMARY 
COLLIMATING REFLECTOR 
TEMPERATURE-CONTROLLED 
GLOW-DISCHARGE RING 
WATER-COOLED SHUTTER 
ELECTRON BEAM GUNS 
8.23 m -DlAM VACUUM VESSEL 
TRANSFER LENS 
4.57 rnIN ~ 1 ~ ~ ~ 6 . 1 0  rn 
INTEGRATING LENS UNIT HIGH SOLAR BEAM IN TEST AREA 
SOLAR LAMP ARRAY 
37 Xe ARC SOURCES, 
20-kW, WATER-COOLED 
Fig. 11. Aluminizing equipment configuration in  the 7. 62-m (25-ft) s imula tor  
Fig. 12. Feedthroughs and view por t s  i n  chamber  wall  
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Fig.  13. Aluminizing operations control  center  
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Fig. 14. Three  10-kW elec t ron-beam power supply sys t em 
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Fig.  16.  Secondary dithering coil 
TEFLON INSULATION 
WIRE 7 
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Dither coi 
No. 3 
Focus coil gun 
F i g ,  17. E l e c t r o n - b e a m  power  and c o n t r o l  s y s t e m  schematic 
Fig .  18. Water-cooled shut ter  
4 8 0 ~  PRIMARY 
TRANSFORMER DRY TYPE 
15 KVA, 480 - 120 VOLT 
GLOW DISCHARGE TRANSFORMER 
10.4 KVA 120 V - 7500 V 
#lo - H I  VOLTAGE WIRE 
VACUUM CHAMBER 
480v, l@ 30 AMP 
Fig. 19. Glow discharge  r ings  
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Fig.  20. Aluminum wi re  feeder  
Fig. 21. Digital quar tz  c r y s t a l  microbalance  
JPL Technical  Memorandum 33-485 
POINT SOURCE 
Fig.  22. Source geometry  
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Fig.  23. Test ,  sampling technique 
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Thickness measurements made with zeiss 
MOD 1304 Interference Microscope 
Green Light 1 = 540m x e 9 ~ r i n g e  Separation 5 X = 270m x10- 9 
Test Run No. 8A 
Fig. 24. Typical t e s t  evaluation fo r  aluminizing 
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Fig. 25. Removing protective coating f r o m  m i r r o r  
Fig. M i r r o r  cleaning 
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88.5 It" 81-1{2 ' 66.9 m x 77-1/2 80 
78 80-112 81 81 82 82 81 80-1/2 80 
83 1 81 1 81 1 81 1 79 
+ E 
5.0  m 
ALL MEASUREMENTS 
ARE IN INCHES 
280.0 rn x f 9 =  91.9 REF 340.0 m x = 92.2 REF 
( 1 )  SW 90.5 (5) NE 89.9 ( I )  SW 90.7 (5) NE 90.0 
(2) NW 90.0 (6) N 89.9 (2) NW 90.2 (6) N 90.0 
(3) SE 89.7 (7) E 88.5 (3) SE 90.0 (7) E 90.0 
(4) S 89.6 (8) W 88.5 (4) S 90.0 (8) W 90.0 
ALUMINUM REFLECTANCE REFERENCE PREPARED BY ARDL, FORT BELVOIR, VA. 
Fig.  27. Assay  of aluminized 7. 01-m (23-ft) collimating m i r r o r  
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